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MurF is an essential enzyme of bacterial cell wall biosynthesis. Few MurF inhibitors have been reported, and
none have displayed measurable antibacterial activity. Through the use of a MurF binding assay, a series of
8-hydroxyquinolines that bound to the Escherichia coli enzyme and inhibited its activity was identified. To
derive additional chemotypes lacking 8-hydroxyquinoline, a known chelating moiety, a pharmacophore model
was constructed from the series and used to select compounds for testing in the MurF binding and enzymatic
inhibition assays. Whereas the original diverse library yielded 0.01% positive compounds in the binding assay,
of which 6% inhibited MurF enzymatic activity, the pharmacophore-selected set yielded 14% positive com-
pounds, of which 37% inhibited the enzyme, suggesting that the model enriched for compounds with affinity to
MurF. A 4-phenylpiperidine (4-PP) derivative identified by this process displayed antibacterial activity (MIC
of 8 �g/ml against permeable E. coli) including cell lysis and a 5-log10-unit decrease in CFU. Importantly,
treatment of E. coli with 4-PP resulted in a 15-fold increase in the amount of the MurF UDP-MurNAc-
tripeptide substrate, and a 50% reduction in the amount of the MurF UDP-MurNAc-pentapeptide product,
consistent with inhibition of the MurF enzyme within bacterial cells. Thus, 4-PP is the first reported inhibitor
of the MurF enzyme that may contribute to antibacterial activity by interfering with cell wall biosynthesis.

Bacterial cell wall biosynthesis has proven to be a rich source
of targets for antibacterial agents, including �-lactams and
glycopeptides (10). Synthesis of the cell wall pentapeptide pre-
cursor UDP–MurNAc–L-Ala–�-D-Glu–meso-diaminopimelate–
D-Ala–D-Ala (UDP-MurNAc-pentapeptide) in gram-negative
bacteria (with L-Lys instead of meso-diaminopimelate in gram-
positive bacteria) commences with the activity of MurA, which
is the target of the drug fosfomycin (12). The last cytoplasmic
step of UDP-MurNAc-pentapeptide synthesis is carried out
by the MurF enzyme which catalyzes the ligation of D-Ala–D-
Ala to UDP–MurNAc–L-Ala–�-D-Glu–meso-diaminopimelate
(UDP-MurNAc-tripeptide), with hydrolysis of ATP (1, 6).
These three substrates bind to MurF in an ordered fashion,
with ATP binding first and effecting a conformational change
in the enzyme, followed by UDP-MurNAc-tripeptide and fi-
nally by D-Ala-D-Ala (1, 25, 30).

Unlike the MurA and MurB substrates, UDP-MurNAc-tri-
peptide is not commercially available, which has hampered
efforts to assay MurF activity directly. Several methods have
been employed to produce this MurF substrate, using MurA
and MurB substrates and the cloned enzymes MurA, MurB,
MurC, MurD, and MurE, either sequentially (19) or in a cou-
pled reaction (7, 29). We have shown recently that muropep-

tide ligase can be used to synthesize UDP-MurNAc-tripeptide
from synthetic tripeptide and the MurB product, UDP-
MurNAc (2). However, it was not practical to synthesize
sufficient quantities of UDP-MurNAc-tripeptide to enable
high-throughput screening (HTS) of compounds for the iden-
tification of inhibitors of the MurF enzyme. Instead, we de-
cided to employ as a primary screen a thermal stability assay (4,
18), which assesses the binding of putative inhibitors to the
protein of interest by monitoring changes in protein melting
temperature (Tm).

Few inhibitors of MurF have been reported (8, 23, 24).
These include a nonhydrolyzable ATP analog (1) and phos-
phinate transition state analogs (16). Gu et al. have reported
on a series of sulfonamides (11), and Longenecker et al. have
cocrystallized an inhibitor with Streptococcus pneumoniae
MurF (14). In addition, we have reported on a series of thia-
zolylaminopyrimidines that inhibit Escherichia coli MurF (2).
All of these compounds appear to lack measurable antibacte-
rial activity, possibly due to low permeability, lack of long-term
enzyme inhibition, or to other, unidentified reasons. Although
the possibility that MurF was inhibited in these studies but did
not affect bacterial growth cannot be excluded, the existence of
conditional lethal mutants of MurF in E. coli (15) and more
recently, in Staphylococcus aureus (26), argues that inhibition
of MurF within bacteria should be deleterious.

In the absence of a control compound that specifically in-
hibits the MurF enzyme within bacteria, it is instructive to
examine the characteristics of conditional lethal mutants of
MurF. In E. coli, a temperature-sensitive variant of MurF was
employed, so that the enzyme was nonfunctional at the non-
permissive temperature (15); in S. aureus, production of MurF
was dependent on expression from an inducible promoter (26).
In both species, lack of functional MurF resulted in cell lysis,
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accumulation of UDP-MurNAc-tripeptide, and a decrease in
the amount of UDP-MurNAc-pentapeptide. Thus, treatment
of bacteria with a MurF inhibitor might also be expected to
result in these changes.

In this study, we report on a series of 8-hydroxyquinoline
derivatives that were initially identified by the ability to bind to
purified E. coli MurF. Members of the series also inhibited
MurF enzymatic activity, with 50% inhibitory concentration
(IC50) values as low as 330 nM (4). Due to the well-known
chelating ability of 8-hydroxyquinolines (9, 21), it was of inter-
est to use this series as a starting point to search for analogs
lacking this functionality. Accordingly, a pharmacophore
model based on the 8-hydroxyquinoline series was constructed
and used to select additional compounds for testing in the
binding assay (5). From this process, a 4-phenylpiperidine (4-
PP) derivative was identified that was shown to inhibit the
MurF enzyme. The characterization of the compound is pre-
sented in this report.

MATERIALS AND METHODS

MurF binding assay. Cloning and purification of E. coli MurF have been
described previously (2). After buffer optimization experiments, thermal stability
studies using ThermoFluor technology (18) were performed with 20 �g/ml (0.4
�M) MurF, 1 mM ATP, 25 mM piperazine-N,N�-bis(2-ethanesulfonic acid)
(PIPES), pH 7.2, 150 mM NaCl, 2 mM MgCl2, 1 mM reduced glutathione,
0.002% Tween 20, and 40 �M 1-anilino-8-naphthalenesulfonic acid unless stated
otherwise. HTS was performed using 100 �M test compound. Dissociation con-
stants (Kds) were determined from the protein Tm measured as a function of
ligand concentration (13).

MurF enzymatic assay. The enzymatic assay of E. coli MurF, using high-
performance liquid chromatography (HPLC) to detect the appearance of the
UDP-MurNAc-pentapeptide product, has been described previously (2). MurF
enzyme (20 ng; final concentration of 4 nM) in 40 �l of 100 mM Tris-Cl, pH 8.5,
5 mM ATP, and 300 mM NaCl, was preincubated with compound or dimethyl
sulfoxide (2 �l) in a 96-well plate for 10 min at room temperature, and then 10
�l of 1 mM D-Ala–D-Ala and 50 �l of a completed Mpl reaction containing
UDP–MurNAc–L-Ala–�-D-Glu–meso-diaminopimelate (UDP-MurNAc-tripep-
tide) were added (2). After incubation (15 min at 37°C), the reaction was
terminated by the addition of 5 �l of 10% trifluoroacetic acid. Peaks correspond-
ing to UDP-MurNAc-pentapeptide and UDP-MurNAc-tripeptide were detected
by HPLC, and MurF IC50 values were determined as described previously (2).

Microbiology studies. MIC assays were performed by the CLSI broth micro-
dilution method (17) in cation-adjusted Mueller-Hinton broth. Bacterial strains
were obtained from the American Type Culture Collection (Manassas, VA) or
from the strain collection of Johnson & Johnson Pharmaceutical Research &
Development, L.L.C. (Raritan, NJ); the E. coli NovaBlue strain was purchased
from EMD Biosciences (La Jolla, CA). For bacterial growth curves, 100-�l
samples taken from flasks from UDP-precursor pool studies were added to
replicate wells of a Bioscreen C 100-well plate immediately after the addition of
compound. The plate was incubated in the Bioscreen C microbiology reader (Oy
Growth Curves AB Ltd., Helsinki, Finland) at 37°C with continuous shaking,
with an absorbance reading taken every 15 min. For CFU determinations, a
Whitley automatic spiral plater and a Synbiosis ProtoCOL colony counter (Mi-
crobiology International, Frederick, MD) were used, on serial dilutions in phos-
phate-buffered saline of an aliquot of cells removed from replicate wells of the
Bioscreen C plate.

Analysis of UDP-linked precursor pool. Muropeptides were purified as de-
scribed previously (22) with modifications. Cultures (125 ml) of E. coli OC2530
were grown with aeration to mid-log phase (A600 of 0.3). Compounds (or 250 �l
dimethyl sulfoxide) were added to a concentration of 2� MIC with continued
incubation. After 30 min, cells were chilled in an ice-ethanol bath and harvested
by centrifugation. Cells were rinsed in cold 0.9% NaCl, centrifuged, and lysed in
cold 5% trichloroacetic acid on ice for 30 min, mixing occasionally. Lysates were
centrifuged (10,000 � g for 10 min), and the supernatants were extracted six
times with an equal volume of diethyl ether to remove trichloroacetic acid. The
supernatants were lyophilized, suspended in 1 ml of H2O, and adjusted to pH 7
with NaOH. The extracts eluted with water from a Hi Prep 26/10 Sephadex
column (GE Healthcare, Piscataway, NJ) at a flow rate of 2 ml/min, with detec-
tion of muropeptide peaks at A254. Muropeptide fractions were pooled, lyophi-
lized, and suspended in 125 �l of H2O. Muropeptides were quantitated by HPLC
as described above.

Pharmacophore modeling. A pharmacophore model of the 8-hydroxyquino-
line series (Fig. 1A and B) was constructed and used to search a compound
library for structures that aligned to the pharmacophore, using the Common
Features Module of the Catalyst program (3).

RESULTS

The three MurF substrates are known to exhibit ordered
binding, with ATP binding first, effecting a conformational
change in the enzyme which facilitates the binding of UDP-
MurNAc-tripeptide, followed by D-Ala–D-Ala (1, 25, 30). We
proposed previously that performing HTS in the presence of
ATP may aid in identifying inhibitors that do not compete with
ATP and that bind at the latter two substrate sites (2). To

FIG. 1. (A) Pharmacophore model of the 8-hydroxyquinoline series derived from the Common Features algorithm of the Catalyst program.
Me, methyl. (B) Catalyst depiction of the pharmacophore model including directionality of the aromatic rings and H-bond donors. (C) Structure
of the MurF inhibitor, 4-PP.
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search for compounds able to bind to MurF, the method used
is ThermoFluor technology, a miniaturized fluorescence-based
thermal stability assay in which binding of a ligand to the
protein of interest is monitored by an increase in protein Tm

(18). Under our experimental conditions, the apparent Kd of
ATP from MurF was determined to be 400 �M, comparable to
the Km value of approximately 100 to 200 �M obtained by
standard kinetic methodology (1, 6). The presence of 1 mM
ATP increased the reference MurF Tm from 54.5°C to 56°C
(Fig. 2).

A chemical library of approximately 200,000 compounds was
screened for binding to MurF, and 17 compounds that in-
creased MurF Tm by �0.7°C were identified. These com-
pounds were then tested for the ability to inhibit the enzymatic
activity of MurF. Only 1 of the 17 compounds, the 8-hy-
droxyquinoline compound 1, inhibited MurF enzymatic activ-
ity, displaying an IC50 value of 25 �M (Table 1).

With the aim of improving potency, compound 1 was used to
select a collection of approximately 4,000 closely related ana-
logs. Testing of these compounds by the ThermoFluor meth-
odology identified eight analogs with a change in the Tm (�Tm)
of �1.6°C (Table 1). Binding of the compounds to MurF in the
absence and presence of ATP was investigated by determining
Kd values (Table 1). Of the eight analogs, only compounds 7
and 8 exhibited a significant increase in Kd in the presence of
ATP, suggesting that these two compounds may compete with
ATP. In contrast, the other six compounds either exhibited
similar Kd values with and without ATP, or in the case of
compounds 3 and 4, appeared to bind more tightly to MurF in
the presence of ATP, as demonstrated by a four- to sevenfold
decrease in Kd. All eight compounds had lower IC50 values
than that of compound 1 in the enzymatic assay, as low as 330
nM, but no correlation between IC50 values and either �Tm or
Kd was discernible.

Although the parent 8-hydroxyquinoline, compound 1,
lacked measurable antibacterial activity (MIC � 64 �g/ml for
E. coli OC2530 and S. aureus ATCC 29213 [Table 1]), four
members of the series did exhibit modest antibacterial activity
(MICs of 8 to 32 �g/ml [Table 1]). To determine whether
antibacterial activity was due to inhibition of MurF within
bacterial cells, E. coli cultures were treated with either cy-
closerine, compound 2, or compound 4 as described in Mate-
rials and Methods; MurF UDP-MurNAc-tripeptide substrate
and UDP-MurNAc-pentapeptide product were then purified

and quantitated (Table 2). Untreated control cells contained
relatively low levels of UDP-MurNAc-tripeptide compared to
the levels of UDP-MurNAc-pentapeptide, as has been re-
ported previously (15, 26). Treatment of the culture with cy-
closerine, which blocks production of the MurF substrate D-
Ala–D-Ala by inhibiting both D-Ala racemase and D-Ala–D-Ala
ligase (20), resulted in an accumulation of UDP-MurNAc-
tripeptide and a decrease in the amount of UDP-MurNAc-
pentapeptide. In contrast, treatment of cells with either
compound 2 or compound 4 had no effect on the ratio of
UDP-MurNAc-tripeptide to UDP-MurNAc-pentapeptide,
suggesting that the observed antibacterial activity of these
compounds was not associated with inhibition of MurF; the
well-known chelation ability of 8-hydroxyquinolines (9, 21)
may contribute to antibacterial activity.

To search for additional chemotypes with improved potency
and antibacterial activity, a pharmacophore model (Fig. 1A
and B) based on the 8-hydroxyquinoline series was constructed
using the Common Features Module of the program Catalyst.
The model consists of two ring aromatics, two hydrophobes,
and two H-bond donors and was used to search a compound
library to provide a list of compounds that aligned to the
pharmacophore. Approximately 1,300 compounds selected by
this method were tested for MurF binding, yielding 182 com-
pounds which were then tested for inhibition of MurF enzy-
matic activity. Of the 182 compounds identified by the binding
assay, 68 also inhibited the MurF enzyme. Among these com-
pounds was the 4-PP derivative (Fig. 1C), which inhibited the
MurF enzyme with an IC50 value of 26 	 2 �M.

The antibacterial activity of 4-PP was assessed against a
panel of gram-positive and gram-negative bacteria (Table 3).
The compound displayed MICs of 8 to 16 �g/ml against a
permeable, lipopolysaccharide (LPS)-defective E. coli strain,
and against S. aureus (methicillin-susceptible and -resistant
strains), Enterococcus faecalis, and Enterococcus faecium. How-
ever, against wild-type E. coli and Pseudomonas aeruginosa,
4-PP displayed MICs of �32 �g/ml.

To examine whether impermeability of 4-PP was possibly
responsible for the lack of measurable MICs for wild-type
(non-LPS-defective) E. coli strains, polymyxin B nonapeptide
(PMBN) was used to permeabilize the cells (27). The MICs of
PMBN for wild-type E. coli strains ATCC 25922 and NovaBlue
were 50 and 25 �g/ml, respectively, compared to 6.25 �g/ml for
the LPS-defective strain OC2530 (Table 4). Accordingly, 4-PP
was tested against these strains without and with 1 �g/ml
PMBN, a concentration that is 6- to 50-fold below the PMBN
MIC. The MICs of 4-PP against the two wild-type E. coli
strains, without and with 1 �g/ml PMBN, were �64 and 16
�g/ml, respectively. Thus, it appears that the lack of antibac-
terial activity of 4-PP against wild-type E. coli may be due to
lack of compound penetration. PMBN had little effect on the
MIC of 4-PP for the permeable, LPS-defective strain of E. coli
(8 and 4 �g/ml without and with PMBN, respectively).

The cell wall synthesis inhibitor, cycloserine, is an analog of
D-Ala and uses D-Ala and Gly transport systems for uptake into
bacteria (28). The MIC of cycloserine is therefore not expected
to be enhanced either by the use of a permeable (LPS-defec-
tive) strain of E. coli or by the presence of PMBN, consistent
with the results shown in Tables 3 and 4. This lack of an
enhancement of cycloserine activity supports the idea that the

FIG. 2. ThermoFluor traces of normalized fluorescence intensity as
a function of temperature for MurF. The vertical dashed lines indicate
the Tms of MurF without ATP (triangles) and with 1 mM ATP
(squares). The change in Tm is shown.
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TABLE 1. 8-Hydroxyquinoline MurF inhibitors

Compound Structure MurF IC50
(�M)a �Tm (°C)b

Kd (�M)c MIC (�g/ml)

Without ATP With ATP E. coli OC2530
(LPS defective)

S. aureus
ATCC 29213

1 25 0.74 ND ND �64 �64

2 0.87 2.41 33 20 32 32

3 0.44 1.74 50 12 32 32

4 16 2.86 100 14 8 32

5 0.80 3.35 20 20 16 32

6 1.9 2.2 10 14 �32 �32

7 1.25 1.81 3.3 10 �32 �32

8 0.33 1.82 2.5 11 �32 �32

9 0.75 1.59 3.3 4.5 �32 �32

a MurF IC50 values were determined in the enzymatic inhibition assay.
b �Tm, shift in the melting temperature of MurF in the presence of 1 mM ATP as determined by Thermofluor analysis.
c Kd values were determined in the absence and presence of 1 mM ATP. ND, not determined.
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reduction of the MICs for 4-PP through the use of PMBN or
LPS-defective E. coli is due to increased permeability of the
compound and that lack of activity of 4-PP in wild-type E. coli
may be due to poor penetration.

To determine the effect of 4-PP on bacterial growth, mid-log
cultures of the LPS-defective E. coli strain were treated with
either 4-PP or cycloserine at 2� MIC, and the growth of the
cultures was monitored by both optical density (Fig. 3A) and
by determination of CFU (Fig. 3B). The decrease in optical
density for both the cycloserine- and 4-PP-treated samples
(Fig. 3A) suggested that cell lysis occurred, as confirmed by
microscopic examination of the cultures.

Viable bacteria from this experiment were counted 30 min
and 3 h after the addition of compound (Fig. 3B). After 30 min
of 4-PP exposure (at 2� MIC), a reduction in CFU of approx-
imately 1 log10 unit relative to the control value was observed.
By 3 h, 4-PP reduced CFU by about 5 log10 units relative to the
control value, indicating a bactericidal mode of action. Cy-
closerine demonstrated similar efficacy, with reductions in
CFU of approximately 0.5 log10 unit at 30 min and �5 log10

units at 3 h.
To determine whether bacterial killing could be attributed to

inhibition of MurF in E. coli, the effect of 4-PP on the soluble
muropeptide composition of cells treated with the compound
was examined. From previous studies on MurF mutants (15,
26), it would be expected that inhibition of MurF activity

within bacteria would alter muropeptide profiles, resulting in
the accumulation of MurF substrate UDP-MurNAc-tripeptide
and in a decrease in the amount of MurF product UDP-
MurNAc-pentapeptide.

In the control culture of E. coli (Fig. 4), UDP-MurNAc-
tripeptide was present in very small amounts compared to the
amounts of UDP-MurNAc-pentapeptide, consistent with pre-
vious studies (15, 26). As expected, cycloserine treatment,
which blocks production of D-Ala–D-Ala by inhibiting D-Ala
racemase and D-Ala–D-Ala ligase (20), led to a pronounced

FIG. 3. (A) Growth curves of E. coli treated with MurF inhibitor
4-PP or cycloserine. Strain OC2530 was grown to mid-log phase as
described in Materials and Methods, and compounds were added to a
final concentration of 2� MIC. Aliquots of cultures were transferred
to the Bioscreen C plate, and culture growth was monitored by A580. A
representative well of 10 wells for each culture (control, squares; cy-
closerine, triangles; 4-PP, open circles) is shown. (B) Quantitation of
CFU after treatment with MurF inhibitor 4-PP or cycloserine. Aliquots
of cultures shown in panel A were removed from the Bioscreen C plate
at the indicated times for determination of CFU. The averages 	
standard deviations (error bars) for two independent experiments are
shown.

TABLE 2. Quantitation of UDP-MurNAc-tripeptide and
UDP-MurNAc-pentapeptide from E. coli OC2530

E. coli treatment

Peak area (mean 	 SD)a
Tripeptide/

pentapeptide
ratio

UDP-MurNAc-
tripeptide

UDP-MurNAc-
pentapeptide

None (control)b 18 	 3 543 	 10 0.03
Cycloserine 545 	 0 18 	 2 30.3
Compound 2 28 	 2 1,106 	 57 0.02
Compound 4 37 	 1 915 	 10 0.04

a Relative amounts of each muropeptide were determined by integration of
the area of the corresponding HPLC peaks at A260.

b No 8-hydroxyquinoline compound or cycloserine was added to the control.

TABLE 3. MICs of 4-PP and cycloserine

Bacterial strain
MIC (�g/ml)

4-PP Cycloserine

E. coli strains
OC2530 (LPS defective) 8 64
OC2605 �32 16
OC9040 �32 32
ATCC 25922 �32 32

P. aeruginosa ATCC 27853 �32 �128
E. faecalis ATCC 29212 16 128
E. faecium OC3312 16 64

S. aureus strains
ATCC 29213 16 32
COL OC3726a 16 32
OC2878a 16 64
OC4172 8 32

a Methicillin-resistant S. aureus strains.

TABLE 4. Effects of PMBN on the MICs of 4-PP and cycloserine
for LPS-defective and wild-type E. coli strains

E. coli strain

MIC (�g/ml)

4-PP
4-PP (� 1

�g/ml
PMBN)

Cycloserine Cycloserine (� 1
�g/ml PMBN) PMBN

OC2530 (LPS
defective)

8 4 64 64 6.2

ATCC 25922 �64 16 32 32 50
NovaBlue �64 16 64 64 25
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reduction in the amount of UDP-MurNAc-pentapeptide with
a concomitant accumulation of UDP-MurNAc-tripeptide.
Treatment with 4-PP also altered the cellular muropeptide
profile, albeit not as drastically as cycloserine treatment. In the
4-PP-treated culture, a 15-fold increase in MurF substrate
UDP-MurNAc-tripeptide and a 50% decrease in MurF prod-
uct UDP-MurNAc-pentapeptide were observed. Thus, it ap-
pears that 4-PP inhibited MurF enzymatic activity within
bacterial cells.

DISCUSSION

In these studies, we report on a MurF inhibitor, an 8-hy-
droxyquinoline, which was initially identified using a binding
assay. The compound itself lacked antibacterial activity but was
used to construct a pharmacophore model which led to the
identification of a 4-PP derivative whose antibacterial activity
was accompanied by an alteration in the E. coli muropeptide
profile, with both the accumulation of MurF substrate (UDP-
MurNAc-tripeptide) and a decrease in MurF product (UDP-
MurNAc-pentapeptide). The altered muropeptide profile is
consistent with the expected behavior of inhibition of MurF
within bacterial cells from studies on conditional lethal MurF
mutants (15, 26). Thus, 4-PP would appear to be the first
reported inhibitor of the MurF enzyme displaying an effect on
the pool of cell wall precursors.

Although several MurF inhibitors with IC50 values as low as
22 nM against purified enzyme have been reported, no anti-
bacterial activity was observed, despite efforts to render cells
permeable with EDTA or nisin, and the use of efflux-defective
E. coli, leading the authors to speculate that MurF might not
catalyze a rate-limiting step of cell wall biosynthesis (11). In
contrast, our results suggest that it is feasible to inhibit MurF
within E. coli, as demonstrated by the altered muropeptide
profile. Similar to cycloserine-treated cells and to a MurF de-
letion mutant of E. coli (15), 4-PP treatment resulted in cell
lysis and a 5-log10-unit reduction in CFU. An important ques-
tion is whether inhibition of MurF is actually responsible for
the antibacterial activity of 4-PP. The effect of 4-PP on mu-
ropeptide profiles, with a 50% decrease in the amount of
UDP-MurNAc-pentapeptide, was less pronounced than the

action of cycloserine, which resulted in the near absence of
detectable pentapeptide and a concomitant increase in tripep-
tide. However, for a conditional MurF deletion mutant of S.
aureus (26), even a two- to threefold reduction in the level of
UDP-MurNAc-pentapeptide was sufficient to interfere with
cell growth. We cannot exclude the possibility that the anti-
bacterial activity of 4-PP could be due to multiple mechanisms
of action, one of which may be inhibition of MurF.

Our data suggest that permeability of 4-PP into E. coli was a
problem which could be circumvented (for proof of the prin-
ciple of the utility of MurF inhibitors) either by the use of an
LPS-defective strain or by use of the permeabilizing agent
PMBN. In fact, with PMBN, the efficacy of 4-PP against wild-
type E. coli strains was superior to that of the cell wall synthesis
inhibitor cycloserine, with 4-PP displaying MICs two- to four-
fold lower than cycloserine. In the absence of PMBN, 4-PP also
exhibited eightfold-lower MICs compared to the MIC for cy-
closerine for LPS-defective E. coli and for E. faecalis and two-
to fourfold-lower MICs against S. aureus (both methicillin-
susceptible and -resistant strains) and E. faecium. Possible
contributions of efflux mechanisms to high MICs (�32 �g/ml)
against gram-negative bacteria were not examined.

The observation that in the primary HTS assay, only about
0.01% (17/200,000) of compounds bound to MurF but that in
the pharmacophore-selected set of compounds, 14% (182/
1,300) bound suggests that pharmacophore modeling was an
effective means to enrich for compounds with affinity for
MurF. However, it is evident that binding to MurF does not
necessarily cause inhibition of MurF enzymatic activity. From
the primary HTS, only 6% of compounds that bound to MurF
(1/17) also inhibited MurF enzymatic activity. This low fre-
quency of binders which are also enzyme inhibitory is probably
not a limitation of the ThermoFluor technique, as another
binding detection method, capillary electrophoresis (2; data
not shown) yielded similar results. The pharmacophore-se-
lected set of compounds showed a stronger correlation be-
tween MurF binding and enzyme inhibition compared to the
general set of diverse compounds screened in the primary
HTS, with 37% (68/182) of the binders also inhibiting the
enzyme, again suggesting that pharmacophore modeling en-
riched for compounds with MurF affinity.

The finding that MurF binding does not necessarily result in
MurF inhibition may suggest that the compound binds to the
protein in such a way that does not affect enzymatic activity,
e.g., outside of the active site and may explain the lack of
correlation between �Tm and MurF IC50 or Kd values (Table
1). The crystal structures of MurF from E. coli (30) and S.
pneumoniae (14) indicate that these are monomeric enzymes
with multiple domains; it is possible that some of the binding
compounds alter domain interactions, stabilizing the protein
without inhibiting the enzyme. Since the ThermoFluor assay
identified compounds that produced an increase in MurF Tm,
presumably by binding to and stabilizing the protein, it is un-
likely that the compounds that inhibited MurF activity act by
causing protein denaturation, since denaturation should de-
crease the MurF melting temperature.

The binding assay was performed in the presence of ATP. As
noted previously (2), ATP was included since it binds to MurF
first, inducing a conformational change that facilitates the
binding of the other substrates, UDP-MurNAc-tripeptide and

FIG. 4. Altered muropeptide profile in 4-PP-treated E. coli.
Cells were treated with 4-PP or cycloserine (2� MIC for 30 min) as
described in Materials and Methods, and muropeptides were ex-
tracted and quantitated. White bars, UDP-MurNAc-tripeptide; gray
bars, UDP-MurNAc-pentapeptide. The results of one representa-
tive experiment of two independent experiments are shown. mAu,
milli absorbance units.
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D-Ala-D-Ala (1, 25, 30). The inclusion of ATP might allow
compounds to bind to these latter two sites and might also
serve as a filter to exclude nonspecific compounds that bind to
the ATP site of MurF and potentially of other ATP-utilizing
enzymes. The validity of this approach is supported by the
determination of apparent Kd values in the presence and ab-
sence of ATP. A compound that is competitive with ATP is
expected to have a higher apparent Kd in the presence of ATP.
Most (six/eight) of the 8-hydroxyquinolines tested in this study
did not appear to compete with ATP. In fact, compounds 3 and
4 seemed to bind more tightly to MurF in the presence of ATP.
We note that performing the binding assay in the presence of
ATP could introduce a complication in interpreting the results,
especially in the primary HTS: ATP causes an increase in
MurF Tm of 1.5°C. If a compound binds to MurF and displaces
ATP, the net �Tm would therefore be decreased by 1.5°C,
possibly masking the effect of the compound.

In summary, the 4-PP derivative that appeared to inhibit
MurF within whole cells of E. coli has been identified. Al-
though permeability into E. coli apparently restricted the com-
pound’s activity to an LPS-defective strain and to wild-type E.
coli strains rendered permeable by sub-MIC levels of PMBN,
4-PP provides proof of the principle that a MurF inhibitor
might serve as an antibacterial agent. Efforts to identify addi-
tional inhibitors of MurF with greater potency and a broader
spectrum of activity could provide compounds suitable for fu-
ture consideration as antibiotics.
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